We propose a novel network querying algorithm, which adopts the context-sensitive random walk (CSRW) model and the concept of the network conductance. The proposed algorithm identifies the seed network in the target network based on the CSRW node correspondence scores. Then, the seed network is extended by adding the nodes that can minimize the network conductance until the extended network meets the stop conditions. Finally, in order to enhance the biological significance of the querying result, less-relevant nodes are removed based on the extension reward score. Performance assessment based on real protein-protein-interaction (PPI) networks and known biological complexes shows that proposed algorithm outperforms other state-of-the-art network querying algorithms and enhances the biological significance of the querying results.
INTRODUCTION
Protein-protein interactions (PPI) play critical roles in complex biological mechanisms as biological functions are carried out by numerous interacting molecules rather than a single molecule. Interactome databases containing largescale PPI networks have been rapidly expanding because of * Corresponding author.
Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for components of this work owned by others than ACM must be honored. Abstracting with credit is permitted. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. Request permissions from permissions@acm.org. the recent advances of high-throughput techniques for measuring protein interactions. Interestingly, it has been shown that biological complexes having the same or similar functions can be often identified across the networks of different species, which consist of many orthologous proteins and conserved protein-protein interactions [11] . With the availability of large-scale interactome data, comparative network analysis has been gaining interest as it can provide effective computational means to identify conserved network modules in different species [12] . Especially, network querying aims to identify conserved subnetworks in a target network that may potentially have the same or similar biological functions to a given query network. In this work, we present a novel network querying algorithm called SEQUOIA and demonstrate its effectiveness through extensive computer simulations using real protein complexes and PPI networks.
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METHODS
Suppose that we have a query protein-protein interaction (PPI) network, which is represented by a graph GQ = (VQ, EQ), where the nodes in the set VQ = {v1, v2, ...} represent the proteins in the PPI network and the edges in the set EQ = {ei,j} represent the interactions between proteins vi and vj. Similarly, suppose we are given a target PPI network represented by a graph GT = (VT , ET ). Note that, in a typical network querying problem, the size of the query network is significantly smaller than that of the target PPI network. Assume that, given two proteins vq ∈ VQ and vt ∈ VT , we have the pairwise node similarity scores s (vq, vt), which reflect the molecular level similarity between the nodes. In this study, we use the BLAST bit score to measure the pairwise node similarity.
Since network querying aims to identify the conserved sub-networkĜT in the target network that best matches the query, the network querying problem can be formulated as the following optimization problem:
where G T is the set of all subnetworks in the target PPI network, and f (Gx, Gy) is a function that measures the functional similarity between two networks Gx and Gy. The network querying problem can be reformulated as a subgraph isomorphism problem, which is known to be NP-complete [10] . Additionally, quantitatively estimating the functional sim- 30  92  45  21  RESQUE-C  26  31  26  16  RESQUE-M  21  54  34  19  Corbi  11  23  19  9  HubAlign  17  67  39  10  NatalieQ  20  59  43  20  LocalAli  18  26  14  12 ilarity f (Gx, Gy) between two networks Gx and Gy is not straightforward. Hence, we propose an effective heuristic algorithm, called SEQUOIA (Significance Enhanced QUerying Of InterAction networks), based on an efficient seed-andextension approach that utilizes context-sensitive random walk and network conductance. SEQUOIA takes the following three main steps. First, to estimate the functional similarity between the nodes in different networks, it uses the CSRW model. The model effectively integrates the pairwise node similarity and the similarity between the interaction patterns, in a way that considers node insertions and deletions [5] . The algorithm selects NQ seed nodes in the target network based on the estimated CSRW node correspondence scores. The largest connected network based on the selected seed nodes will be used as the seed network. Next, the algorithm iteratively extends the seed network by adding nodes that are densely connected to the nodes in the network that is being extended and are sparsely connected to the rest of the network to minimize the conductance of the extended network. The iterative extension steps continue until there is no more neighboring node that can reduce the current network conductance by more than 5 percent or the size of extending network exceeds the threshold. Finally, to enhance the biological significance of the querying result, less relevant nodes are removed based on the extension reward score. Note that the extension reward score is defined as the number of newly added neighboring nodes for each node in the extending network during the extension steps.
RESULTS
To assess the performance of SEQUOIA network querying algorithm, we downloaded known biological complexes for human from CORUM [9] and those for yeast from SGD [1] (as of January 5, 2015). Among the known complexes, connected complexes of size 5∼25 were used as our queries (863 query networks in total). The human, yeast, and fly PPI networks obtained from [8] were used as target networks. The performance of SEQUOIA was compared against several state-of-the-art algorithms: RESQUE [10] , Corbi [4] , NatalieQ [6] , HubAlign [2] , and LocalAli [3] . We used the default parameters for each method. We report the number of matches for each algorithm. To this aim, we computed the matching score by comparing the querying results with the known complexes, and if the matching score is greater than 0.5, we counted the querying result as a match [7] . Table 1 shows the number of matches for different query and target network pairs. For all query and target network pairs, SEQUOIA yielded the largest number of matches among all compared algorithms. For example, when querying hu-man complexes against the yeast PPI network, SEQUOIA remarkably outperformed other methods, identifying 37 percent more matches than the next best algorithm. Overall, SEQUOIA yielded 188 matches, which is nearly 32 percent more than the matches obtained by the next best algorithm.
